The asteroid belt is an open window on the history of the Solar System, as it preserves records of both its formation process and its secular evolution.
Introduction
The asteroid belt is a window open on the past of the Solar System, as it contains records of both its formation process and its secular evolution. However, disentangling the sequence of events that characterized its history is a difficult task, since the more ancient features have been erased or masked by the more recent ones (see e.g. Coradini et al. (2011) and O'Brien & Sykes (2011) for an in-depth discussion). We know from meteoritic constrains (see e.g. Scott (2007) for a review) and theoretical models (see e.g. Weidenschilling (2011)) that the progenitors of the present-day asteroids formed and, in some cases, differentiated in the Solar Nebula on a 1 Ma time-scale, soon followed by Jupiter and the other giant planets (see e.g. Scott (2006) ). However, the actual scenario for the formation of the planetesimals, its efficiency and the resulting initial size-frequency distribution are still poorly constrained. The proposed formation scenarios differ in the assumptions on the formation environment, i.e. a quiescent or a turbulent Solar Nebula, and produce very diverse size-frequency distributions (SFDs in the following) of the primordial planetesimals (see e.g. Coradini et al. (2011) and Sykes (2011) and references therein). The number of planetesimals populating the asteroid belt at this early time was likely 2 − 3 orders of magnitude higher than the present population of asteroids (Weidenschilling 1977) , so the collisional evolution of the primordial asteroid belt was characterized by a more rapid pace than the present one (Bottke et al. 2005a,b) . According to recent theoretical results (Morbidelli et al. 2009; Weidenschilling 2011) , in a few Ma the size distribution of the planetesimals in the asteroid belt spanned over 7 orders of magnitude, covering the range between 10 −2 km and 10 4 km independently on the formation mechanism.
The present view of the evolution of the asteroid belt assumes that it underwent a major phase of depletion and enhanced collisional evolution after the dispersal of the nebular gas due to the combined perturbations of planetary embryos in the inner Solar System and of the giant planets in the outer Solar System (Wetherill 1992; Chambers & Wetherill 2001; Petit, Morbidelli & Chambers 2001; O'Brien, Morbidelli & Bottke 2007) . The later migration of the giant planets, suggested to be responsible for the Late Heavy Bombardment, would have caused a second phase of depletion and possibly of enhanced collisional evolution of the asteroid belt . The violent depletion processes acting in the early Solar System left then place to slower, secular depletion mechanisms.
Chaotic diffusion into the resonances with the giant planets has been suggested to have caused a depletion of a factor 2 of the population of large (D > 10 − 30 km) asteroids (Minton & Malhotra 2010) . Previous studies, however, always assumed the formation time of the giant planets as negligible and the giant planets (generally Jupiter and Saturn)
were introduced instantaneously and all at the same time (Petit, Morbidelli & Chambers 2001 ; O'Brien, Morbidelli & Bottke 2007 ).In our previous work , hereafter Paper I), we suggested instead that Jupiter could have been the first giant planet to form and that its formation triggered a phase of primordial bombardment due to its rapid mass increase and its likely inward radial migration. This Jovian Early Bombardment (JEB in the following) preceded the depletion phases discussed before and its duration was estimated of the order of 0.5 − 1 Ma (see Paper I), but it was suggested ) that the later formation of Saturn could act to extend the duration of the JEB. After the end of the JEB and the formation of Saturn, the Solar System and the asteroid belt are expected to resume the evolutionary path described by the generally accepted dynamical and collisional scenarios (see Wetherill (1992) ; Chambers & Wetherill (2001) ; Petit, Morbidelli & Chambers (2001) ; O'Brien, Morbidelli & Bottke (2007) for the dynamical scenario and Bottke et al. (2005a,b) for the unified dynamical and collisional scenario). The effects of the JEB, which in Paper I we investigated using Vesta and
Ceres as case studies in view of the arrival of the NASA Dawn mission at Vesta, depend on the extent and the time-scale of the Jovian migration but also on the SFD of the primordial planetesimals. In Paper I we suggested that a Solar Nebula whose population of planetesimals was dominated by large (i.e. 100-1000 km in diameter) planetesimals or where Jupiters radial migration exceeded a few tenths of AU would prove an extremely hostile environment for the survival of Vesta and Ceres. It must be noted, however, that the assumptions on the erosion of Vesta and Ceres due to the JEB did not account for the re-accretion of the excavated material and thus overestimated the implications of the bombardment for the survival of the two target bodies. In this paper we address the implications of the JEB for the global evolution of the asteroid belt using a more complete set of target bodies and a more realistic evaluation of the cumulative collisional erosion.
Dynamical and Physical Model
In our simulations we reproduced the evolution of a template of the forming Solar System across a temporal window of 2 Ma, located during the Solar Nebula phase (see e.g. Coradini et al. (2011) and references therein) and centred on the moment the planetary core of Jupiter reached its critical mass and the planet started to accrete its gaseous envelope.
Our template of the Solar System is composed by the Sun, the forming Jupiter, a disk of planetesimals and a set of target bodies whose perturbations on the nearby planetesimals are considered negligible.
The numerical model we used in our simulations is based on the set of equations we described in Paper I: as we anticipated, in this paper we improved the model by introducing a more realistic estimate of the cumulative erosive effects of the JEB. In the following we will summarise the set of equations and the methods we used to evaluate the intensity of the JEB: for the full derivation of the equations we refer the interested readers to Paper I.
Target bodies
In place of Vesta and Ceres we used as our case study in Paper I, in this work we used two sets of synthetic bodies of different sizes as the targets of the JEB, to obtain a clearer picture of its effects on the planetesimals populating the asteroid belt.
All members of each set were characterised by the same orbit: the first set of bodies was located on circular, planar orbits at 2.30 AU from the Sun (i.e. midway between the inner edge of the asteroid belt and the 3 : 1 resonance with Jupiter, Region A in the following) while the second set was located on circular, planar orbits at 2.65 AU from the Sun (i.e. midway between the 3 : 1 and the 5 : 2 resonances with Jupiter, Region B in the following).
Each set was composed by five different target bodies, characterised respectively by a diameter of 100 km, 200 km, 500 km, 1000 km and 2000 km. An average density ρ = 3.0 g cm −3 was assumed for all target bodies in order to evaluate their masses and escape velocities from the surface.
Jupiter's formation and migration
The evolution of Jupiter during our simulations is divided into two phases: the growth of the planetary core to its critical mass and the accretion of the nebular gas to form a massive envelope. The phase of gas accretion can also be divided into two sub-phases, a first one where the Jovian mass increases exponentially and a second one where the Jovian mass asymptotically approaches its final value (see e.g. Coradini, Magni & Turrini (2010) ).
Accretion of Jupiter
At the beginning of our simulations, Jupiter is a planetary embryo with mass M 0 = 0.1 M ⊕ that grows to the critical mass M c = 15 M ⊕ in τ c = 10 6 years. Since the total accretion time of Jupiter's core is the sum of our τ c to the time needed to form the initial Mars-sized planetary embryo, our choice of τ c is consistent with the lower limits indicated by theoretical works for the formation of Jupiter's core (a few Ma, see e.g. Natta et al. (2007) and references therein). During this first phase, the mass growth of Jupiter is governed by the equation
Upon the reaching of the critical mass value of 15 M ⊕ , the nebular gas surrounding Jupiter is assumed to become gravitationally unstable and to be rapidly accreted by the planet to form its massive envelope. During this phase, the mass growth of Jupiter is instead governed by the equation
where M J = 1.8986 × 10 30 g = 317.83 M ⊕ is the final mass of the giant planet. The e-folding time τ g = 5 × 10 3 years is derived from the hydrodynamical simulations described in Magni & Coradini (2004) , Lissauer et al. (2009) and Turrini (2010) .
As we anticipated, we followed the evolution of our template of the Solar System across the gas accretion phase for τ a = 10 6 years, i.e. for 200 × τ g .
Migration of Jupiter
While Jupiter starts on a circular orbit in all our simulations, theoretical models 
where r 0 is the orbital radius of Jupiter at the beginning of the simulation, r J is the final radius and τ r = τ g = 5 × 10 3 years. We assumed Jupiter's final semi-major axis equal to the present one, an assumption consistent with both the standard model of planetary formation and the scenario described by the first formulation of the Nice Model ).
In our simulations we considered four different migration scenarios: 0 AU (no displacement), 0.25 AU, 0.5 AU and 1 AU. Since the parameter τ r we used in Eq. 3 is an e-folding time, displacements of 0.25 AU, 0.5 AU and 1 AU with the assumed value of τ r are equivalent to assuming values of τ M at 5.2 AU respectively of ≈ 3.2 × 10 5 years, ≈ 1.6 × 10 5 years and ≈ 8 × 10 4 years, consistently with the results of theoretical studies (Papaloizou et al. 2007 ).
The disk of planetesimals
The disk of planetesimals populating our template of the forming Solar System is simulated through a swarm of 6 × 10 4 massless particles.
Dynamical characterisation of the planetesimals
The disk of planetesimals extend between 2 AU and 8 AU (2 AU ≤ a i ≤ 8 AU) and is assumed to be dynamically cold, i.e. the orbits of the planetesimals are characterised by low eccentricity (0 ≤ e i ≤ 3 × 10 −2 ) and inclination (0 rad
The values of eccentricity and inclination associated to each massless particle were chosen randomly as
where e 0 = 3 × 10 −2 , i 0 = 3 × 10 −2 rad and X is a number extracted from a uniform distribution in the range [0 − 1].
The dynamical evolution of the disk of massless particles was computed through a fourth order Runge-Kutta integrator with a self adjusting time-step. The time-step is chosen by evaluating at each given time the smallest time-scale τ min between the orbital periods of Jupiter, of the target bodies and of the massless particles and the free-fall time of
Jupiter-particle pairs considered as isolated systems. The time-step is then computed as
where f ts = 100 in our simulations.
While from a dynamical point of view the planetesimals populating the disk are treated as massless particles, we associated to each of them mass and density values in order to model the effects of their impacts on the target bodies. The mass values were obtained through the Monte Carlo methods we will describe in Sect. 2.3.2, while for the density values we considered two compositional classes. Planetesimals formed in the inner Solar System (ISS in the following) were considered rocky bodies with mean density ρ ISS = 3.0 g cm −3 , while planetesimals formed in the outer Solar System (OSS in the following) were considered volatile-rich bodies with mean density ρ OSS = 1.0 g cm −3 . The change between the inner and the outer Solar System is assumed to coincide with the location of the Snow Line.
When not explicitly stated otherwise, the Snow Line was assumed to be at r SL = 4.0 AU (see e.g. Encrenaz (2008) and references therein).
Finally, we treated each massless particle as a swarm of real planetesimals by associating to each of them a normalization factor γ, described in the Sect. 2.3.2 and used to estimated a realistic number of impacts during the JEB basing on the method detailed in Sect. 2.4.
Size-frequency distributions of the planetesimals
We studied the effects of the JEB in disks characterised by different SFDs, which in turn link the JEB scenario to the different scenarios proposed for the formation and early collisional evolution of the primordial planetesimals. We used these SFDs to associated mass values to the test particles through the Monte Carlo approaches we will now describe.
Primordial planetesimals formed in a quiescent disk
The first SFD we considered is that of a disk of planetesimals formed by gravitational instability of the dust in the mid-plane of a non turbulent protoplanetary nebula (Safronov 1969; Goldreich & Ward 1973; Weidenschilling 1980) . The protoplanetary nebula is assumed to have a mass of M neb = 0.02 M ⊙ distributed between 1 − 40 AU with dust-to-gas ratio ξ = 0.01 and density profile σ = σ 0 r 1 AU −ns , where σ 0 = 2700 g cm −2 is the surface density at 1 AU and n s = 1.5. For such a nebula it can be showed (Coradini, Federico & Magni 1981 ) that the average diameters of the planetesimals would follow the semi-empirical
where m p and m 0 are expressed in g, r is expressed in AU and β = 1.68. The value m 0 is the average mass of a planetesimal at 1 AU, i.e. 2 × 10 17 g (Coradini, Federico & Magni 1981 
where P (3/2, y * ) is the lower incomplete Gamma ratio. The inverse of the lower incomplete Gamma ratio can be computed numerically and, by substituting y
Since the use of massless particles assures the linearity of the processes investigated over the number of considered bodies, we can extrapolate the number of impacts expected in a disk of planetesimals by multiplying the number of impacts recorded in our simulations by a factor γ where
where n mp = 6 × 10 4 and N tot is given by
where r min = 2 AU, r max = 10 AU and the symbol 1 AU indicate the value of the astronomical unit expressed in cm, i.e. 1 AU = 1.49597870691 × 10 13 cm.
Primordial planetesimals formed in a turbulent disk
The second SFD we considered is that of planetesimals formed by concentration of dust particles in low vorticity regions in a turbulent protoplanetary nebula 
where β ′ = 0.4935, D 0 = 70 km is the average diameter of the planetesimals at 1 AU. By substituting the primed quantities to the original ones in Eqs. 8 and 10, we can thus obtain the mass and the normalisation factor for each massless particle through the same approach we described previously. 
Collisional evolution
To reproduce the collisional histories of the target bodies we opted for a statistical approach based on solving the ray-torus intersection problem between the orbital torus of a target body and the linearised path of a massless particle across a time step (see Paper I). Our method is similar to the analytical method developed by Opik (1976) , but given that the Jovian perturbations may significantly change the orbits of the massless particles on time-scales analogous to their precession time-scales, we preferred the use of a numerical algorithm that did not require averaging over orbital angles other than the mean anomaly.
The orbital torus representing the spatial probability density of a target body is characterised by a mean radius R T = a A and a section
2 where a A is the semi-major axis of the considered target body, D A is its physical diameter and f G is the gravitational focusing factor
with v esc being the escape velocity from the target body and v enc its relative velocity respect to the massless particle.
When a massless particle crosses a torus, the impact probability is the probability that both the particle and the target body will occupy the same spatial region at the same time.
This is equivalent to writing
where T A is the orbital period of the target body and τ A and τ P are respectively the time spent by the target body and the massless particle into the crossed region of the torus.
Once the crossed region is identified by solving the ray-torus intersection problem (see Paper I), τ A and τ P can be derived in a straightforward way since the orbital velocities of the two bodies are known.
For the sizes and the densities we are considering, the escape velocity from the surface of the target bodies would be of the same order of magnitude of the ejection velocity of the excavated material. As a consequence, re-accumulation of the excavated material should be taken into account and the simple cratering approximation used in Paper I is not adequate to estimate the net erosion of the target bodies.
To evaluate the effective erosion cumulatively caused by the impacts, we need to estimate the amount of material excavated and ejected with velocities greater than the escape velocity from the surface of the target bodies. To estimate the net mass loss, we used the scaling law for rocky targets by Holsapple & Housen (2007) :
where m e is the escaped mass, m i is the mass of the impactor, v i is the impact velocity, sin α is the impact angle relative to the normal to the target surface, v e is the escape velocity from the surface of the target body and ρ i and ρ t are the densities respectively of the impactor and the target body.
Since we are treating the collisional evolution of the target bodies in a statistical way, we are interested in the average erosion efficiency: therefore, we need to remove the dependency from the impact angle in Eq. 14. Following Svetsov (2011), we can average Eq. 14 over α to obtain m e m i = 0.03
To get a more complete picture of the implications of the JEB for the collisional evolution of the asteroid belt, for every impact event we also computed the specific impact energy Q D expressed in units of the specific dispersion energy Q * D of the target body. We evaluated the catastrophic disruption threshold Q * D of the target bodies using Eq. 6 from Benz & Asphaug (1999) and the coefficients for basaltic targets computed by these authors (see Table 3 , ibid). We used the coefficients of the case v i = 5 km s that is a factor 200 − 300% than that received by target bodies in Region A. In the case of planetesimals formed in a turbulent disk and characterized by the SFD from Chambers (2010), the ratio increases to about 400 − 500% (see Table 1 ). When Jupiter migrates by 1 AU, however, the sweeping resonances are more efficient in enhancing the bombardment in Region A respect to the previous case. As a consequence, the flux of impactors in Region B "drops" again to 120 − 150% respect to that in Region A. 
Planetesimal erosion during the JEB
The implications of the phase of enhanced collisional activity associated to the JEB for the evolution of the asteroid belt strongly depend on the SFD of the planetesimals in the Solar Nebula at the time of the formation of Jupiter. Globally, the JEB causes the destruction of planetesimals up to a certain threshold size, whose exact value is a function of the extent of Jupiter's migration and of the abundance of large (i.e. D ≥ 100 km) planetesimals in the Solar Nebula. Differently from what was generally assumed in previous studies of the collisional evolution of the asteroid belt (Bottke et al. 2005a,b) , our results show that during the JEB the cumulative erosion due to non-critical impacts plays a role as important as, or possibly more important than, the one of critical impacts.
JEB in a quiescent disk
If the first planetesimals formed in a quiescent Solar Nebula and the protoplanetary disk was still governed by its primordial SFD at the time Jupiter formed, the JEB would have important implications for the asteroids whose size varied between 100 − 200 km (see Table 2 ). According to our results, critical impacts would cause the catastrophic disruption of planetesimals with size of about 100 km in diameter in those scenarios where Jupiter migrated significantly (i.e. 1 AU for target bodies in Region A and 0.5 − 1 AU for target bodies in Region B). Moreover, due to the higher flux of OSS impactors, target bodies of about 100 km in diameter would likely be shattered also in those scenarios where Jupiter did not migrate while forming (see Table 2 Table 2 ). For smaller displacements of the giant planet, planetesimals of about 500 km in diameter would only lose a few per cent of their mass due to erosion.
Planetary bodies ranging 1000 − 2000 km would be mostly unaffected by the JEB in such a protoplanetary disk.
JEB in a turbulent disk
If planetesimal formation in the Solar Nebula was instead driven by turbulence and the protoplanetary disk was still characterized by its primordial SFD when Jupiter formed, critical impacts would dominate the collisional evolution of bodies as big as 200 km in diameter (see Table 3 ), which would be destroyed both in Region A and B.
Planetary bodies of 500 km in diameter or larger, however, would not undergo to critical impacts and their collisional evolution would be dominated by erosion. Planetesimals of 500 km in diameter would be completely eroded both in Region A and B in almost all scenarios.
Even in the only case where these planetesimals could survive the JEB (Jupiter migrating by 0.25 AU and target bodies located in Region A), they would be stripped by about 30% of their original mass. Also planetary bodies of 1000 km in diameter located either in Region A or Region B would be completely eroded in those scenarios where Jupiter does not migrate or migrates by 1 AU. In the other scenarios, the same bodies would be stripped of about 10 − 15% of their original mass in Region A while in Region B the mass loss would rise to 30 − 50% (see Table 3 ).
Finally, planetary embryos of about 2000 km in diameter would lose only a few per cent of their original mass if the migration of Jupiter was limited (i.e. less than 1 AU for Region A and less than 0.5 AU for Region B) but their mass loss would rise to 5 − 10% for higher values of the Jovian displacement (see Table 3 ).
JEB in the "Asteroids were born big" scenario
In the most plausible scenario, i.e. a Solar Nebula populated by collisionally evolved planetesimals, the survival of the primordial planetesimals would be in an intermediate position between the previous two cases, as is shown in Table 4 . Table 5 and is qualitatively analogous to the case of the JEB in a turbulent disk shown in Table 3 . Planetesimals of 500 km in diameter or smaller are either catastrophically disrupted or eroded by the JEB. Planetesimals of 1000 km undergo a significant erosion (10 − 50% of their original mass) if the migration of Jupiter was limited (i.e. less than 1 AU for Region A and less than 0.5 AU for Region B) while are collisionally eroded in the other cases. Similarly, planetary bodies of 2000 km in diameter suffer a limited erosion (a few per cent, see Table 5 ) in most scenarios, but are stripped of 20 − 50% of their original mass when Jupiter migrates significantly (i.e. 1 AU for Region A and 0.5 − 1 AU for Region B).
Before proceeding further, we want to stress once again that this estimate of the effects of the JEB in the "Asteroids were born big" scenario by Morbidelli et al. (2009) 
Caveats on the model and the results
In applying the results we just described to assess the evolution of the early Solar System, one should be aware of the underlying assumptions and the present limitations of the model. First, we assume that Jupiter was the first giant planet to form: this is equivalent to assume that the formation of Saturn took place a few 10 5 years after that of Jupiter. Second, we assume that the gravitational perturbations of Jupiter are the dominant effect on the dynamical evolution of the planetesimals across the JEB: we ignored the effects of gas drag and of the planetary embryos already formed in the Solar Nebula (see e.g. Morbidelli et al. (2009); Weidenschilling (2011) ). The choice of not including neither gas drag nor planetary embryos is mostly due to the limitation of the numerical implementation of our model. As we stated previously, we use a fourth-order Runge-Kutta algorithm with a self-adapting time-step to reproduce the dynamical evolution of the disk of planetesimals. As we described in Paper I, we split the simulations into sub-simulations, each of them focusing on the dynamical evolution of a 1 AU-wide ring of 10 4 test particles.
Each sub-simulation requires about 1 month of computational time and we run a total of 48 simulations to assemble the dataset analysed in this work. The inclusion of gas drag, in particular, causes a significant increase in the impact events recorded in our simulations (please note we are not referring to the normalized flux of impactors) and the use of smaller time-steps due to the inward migration it forces on the planetesimals. With our choice of the numerical integrator, this translates in computational times in excess of 2 months for some of the sub-simulations. We plan to explore the implications of the inclusion of planetary embryos and gas drag in future works, using a more detailed version of the model and a more efficient N-Body algorithm.
Finally, the exclusion of the gravitational perturbations due to the presence of planetary embryos in the Solar Nebula implies that we do not take into account the depletion process of the asteroid belt (Wetherill 1992 should not affect our results significantly.
Discussion and Conclusions
The results we presented here have some important implications, since they add new pieces to the mosaic of our understanding of the history of the early Solar System. First, our results show that the formation of Jupiter triggers a short but intense primordial bombardment across the asteroid belt. The migration of Jupiter can act to enhance its intensity but is not necessary to start the Jovian Early Bombardment.
Second, our results clearly highlight the fact that, due to the more abundant population of the asteroid belt at the time of the Jovian Early Bombardment, cumulative erosion plays a more important role than that of critical impacts in determining the fate of the planetesimals. Such effects, not included in previous studies of the collisional history of the asteroid belt (e.g. Bottke et al. (2005a,b) ), could help to explain the long equivalent time-scale (10 Ga instead of the real 4.5 Ga, ibid) needed to achieve the degree of collisional evolution of the present-day asteroid belt.
Third, our results suggest that the generally accepted view that most asteroids of about 100 km in diameter or larger are primordial may not be correct. We showed that the exact threshold size depends on the considered region of the asteroid belt, on the extent of Jupiter's migration, and on the size-frequency distribution of the planetesimals at the time of the Jovian Early Bombardment. We can generally state that, if the population of planetesimals in the Solar Nebula was dominated by objects smaller than 100 km, the threshold size can be of the order of 200 km. If, instead, the Solar Nebula was populated by planetesimals larger than 100 km, the threshold size can rise up to about 500 km. 
